Background: high cardiorespiratory fitness (CRF) is associated with larger brain volumes but data on sex differences in the association of CRF with brain volumes are scarce. We investigated whether the association of CRF with total grey matter (GM) and white matter volumes as well as medial temporal lobe and striatum volumes is different between men and women at increased risk for Alzheimer's disease (AD). Methods: we used baseline data from The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) in which the inclusion criteria were set to select individuals with cognitive performance at the mean level or slightly lower than expected for age according to Finnish population norms. Our sub-study included 39 randomly selected men and 29 women aged 61-75 years. CRF was assessed as peak oxygen consumption (VO 2peak ) measured in a maximal exercise test on cycle ergometer. Brain structural imaging was performed using a 1.5-T scanner. Results: in men, VO 2peak was associated with cortical GM volume (β = 0.56, P = 0.001) and total GM volume (β = 0.54, P = 0.001). In women, no associations were found between VO 2peak and brain volumes. VO 2peak accounted for 23% and 1% of total variance of cortical GM volume as well as 25% and 4% of total variance of total GM volume in men and women, respectively. Conclusion: CRF is associated with cortical GM and total GM volumes in elderly men at increased risk for AD, but not in women.
Introduction
High cardiorespiratory fitness (CRF) is associated with larger brain volumes [1] [2] [3] and it may also retard age-related volume declines in frontal, temporal and parietal cortices [2] . Specifically, higher CRF has been associated with greater whole brain and white matter (WM) volumes in patients with mild Alzheimer's disease (AD) independent of age and dementia severity [1] . Furthermore, high CRF has been related to preserved medial temporal lobe (MTL) volume in mild AD [4] , as well as hippocampal [5, 6] and striatum [7] volumes in healthy older adults.
Data on sex differences in the association of CRF with brain structures are scarce. We investigated whether the association of CRF with total grey matter (GM) and WM volumes as well as MTL and striatum volumes is different between men and women at increased risk for AD.
Materials and methods
The Finnish Geriatric Intervention Study to Prevent Cognitive Impairment and Disability (FINGER) is a multicentre randomised controlled trial (clinicaltrials.gov identifier: NCT01041989) enroling 1,260 independently living persons from six cities in Finland. Study design and population have been previously described [8] . The FINGER study was approved by the Coordinating Ethics Committee of the Helsinki and Uusimaa Hospital District. The participants gave a written informed consent.
Neuroimaging
Brain magnetic resonance imaging (MRI) was predeterminedly conducted only for a subset of the subjects in the Kuopio cohort (n = 344). Age-and sex-matched subjects equally from intervention and control groups were recruited to MRI one at a time immediately when vacant imaging times were available at University Hospital. After excluding individuals with old brain infarction (n = 5) or missing data on CRF (n = 4), this study included 39 men and 29 women aged 61-75 years. Structural brain imaging was performed using a 1.5 T Siemens Avanto scanner (Erlangen, Germany). Brain measures were performed with the Freesurfer image analysis suite (v. 5.0.3). All brain volumes were normalised by the total intracranial volume. A detailed description of imaging protocol can be found in Appendix 1, Supplementary data are available in Age and Ageing online.
Cardiorespiratory fitness CRF was assessed as peak oxygen consumption (VO 2peak , ml/kg/min) measured directly in a symptom-limited maximal exercise test on cycle ergometer (Ergoline, Bitz, Germany). Test started with a 6-minute sitting period in the saddle followed by a 5-minute warm-up at 0 W. Starting load was set at 20 and 15 W for men and women, respectively. Load was increased 20 W for men and 15 W for women in every 2 minutes.
Other measurements
Cognitive [9] [10] [11] and other measurements have been previously described [12] .
Statistical methods
Independent samples t-test was used to compare demographic variables and neuroimaging measures between men and women. Normal distribution of continuous variables was inspected visually. Linear regression analysis was used to explore the association between VO 2peak and brain volumes separately for men and women. VO 2peak values were standardised by calculating gender-specific z-scores, which were pooled together to enable the analysis of both sexes in the same model. Regression analyses were adjusted for age, education, Type 2 diabetes, systolic blood pressure and total cholesterol. To examine whether the regression coefficients are statistically significantly different between men and women, the product term (VO 2peak × sex) was entered in a regression model together with adjusting
variables. An association of VO 2peak with regional volumes in MTL (hippocampus and amygdala) and striatum (caudate and putamen) was analysed separately for the left and right side. The impact of multiple testing was assessed using Benjamini and Hochberg adjustment to control the false discovery rate [13] . Analyses were conducted using SPSS (v. 21.0). P value <0.05 was defined as significant. 
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Results
Descriptive characteristics
Please see the characteristics of the subjects table in Appendix 2, Supplementary data are available in Age and Ageing online.
CRF and brain volumes
The associations between VO 2peak and brain volumes are reported in Table 1 . In men, VO 2peak was associated with cortical GM volume (β = 0.56, P = 0.001) and total GM volume (β = 0.54, P = 0.001). In women, no associations were found between VO 2peak and brain volumes. Peak oxygen consumption accounted for 23.1% and 0.9% of total variance of cortical GM volume (Figure 1a) as well as 24.9% and 4.4% of total variance of total GM volume in men and women (Figure 1b) , respectively. VO 2peak was associated with cortical (P = 0.012) and total GM volume (P = 0.012) in men also after the Benjamini and Hochberg adjustment to control the false discovery rate. VO 2peak did not show any association with regional volumes in MTL or striatum neither in men nor in women. CRF was associated with cortical (β = 0.29, P = 0.03) and total GM volume (β = 0.34, P = 0.01) also when men and women were pooled and analysed as one group (Table 1) .
Finally, we examined the interactions between VO 2peak and sex on cortical and total GM volume. Despite the substantial difference in the magnitude of the association of VO 2peak with cortical and total GM volume between men and women, the effect of VO 2peak did not differ between men and women in relation to cortical (P = 0.16) and total GM (P = 0.24) volume.
Cardiorespiratory fitness and brain volumes in men and women
Discussion
Our main finding is that CRF is associated with cortical GM and total GM volumes in elderly men at increased risk for AD, but not in women. We did not find any association between CRF and WM volume. Similarly, CRF was not associated with the volumes in MTL or the striatum.
An association between CRF and cortical GM volume has been found in previous studies also [2, [14] [15] [16] . However, CRF was associated with cortical GM and total GM volumes only in men. This finding suggests that CRF may be especially advantageous to the brain health of men in the age of 60 years and older.
We are aware about the restrictions that our relatively small sample size sets. This hindered especially our interaction analyses in which the results were non-significant. Thus, our results can be taken only descriptive and they should be interpreted with caution. However, the effect sizes observed in men were relatively high suggesting that subsequent testing in a larger sample is reasonable to verify H. Pentikäinen et al.
whether CRF has a bigger effect on the brain GM volumes in men than in women. The lack of association between CRF and MTL structures may indicate that CRF plays a role in maintaining specifically peripheral GM volume (i.e. cortex) and its effect on MTL or deep GM structures (i.e. basal ganglia) is smaller. However, the association between CRF and hippocampal volume has been observed previously [4-6, 17, 18] . One explanation for the divergent finding may be that participants in our study had somewhat higher CRF levels compared to the previous studies. Our patients possibly were 'too fit' for any association between CRF and hippocampal volume to emerge.
CRF was not related either with the striatum volumes. Previously, at least two studies [7, 19] have investigated the association between CRF and striatal volume in older adults. Based on existing evidence, one cannot make a statement whether there is a relationship between CRF and striatum volumes. However, as discussed earlier, benefits of CRF may relate to the GM in the cortex rather than deeper GM structures like striatum.
The FINGER participants are a representative sample of an important part of the general Finnish older population with a number of risk factors for dementia, but without pronounced cognitive impairment [8] . However, the cross-sectional setting of the study does not allow us to make the statement that CRF moderates changes in the brain volumes, because decrease in the brain volumes may precede deterioration in CRF. Nevertheless, aerobic training and accompanied improvement in VO 2peak can lead to increases in brain volumes in humans [20] . It is plausible that higher CRF may maintain brain health and not vice versa.
We have corroborated previous results and also shown divergent results in comparison to previous studies that have reported positive associations between CRF and brain volumes. Evidence is still too scarce to draw a firm conclusion to what extent CRF can preserve brain volumes in men and women with relatively well preserved cognition and CRF levels.
Key points
• Cardiorespiratory fitness is associated with cortical and total GM volumes in elderly men at increased risk for AD.
• Cardiorespiratory fitness is not associated with WM or striatum volumes in men or in women.
• Cardiorespiratory fitness may be especially advantageous to the brain health of men in the age of 60 years and older.
Supplementary data
Supplementary data mentioned in the text are available to subscribers in Age and Ageing online. 
